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To investigate the cardiac determinants of treadmill per-
formance in patients able to exercise to volitional fatigue,
88 patients with coronary heart disease free of angina
pectoris were tested. The exercise tests included supine
bicycle radionuclide ventriculography, thallium scinti-
graphy and treadmill testing with expired gas analysis.
The number of abnormal Q wave locations, ejection frac-
tion, end-diastolic volume, cardiac output, exercise-in-
duced ST segment depression and thallium scar and isch-
emia scores were the cardiac variables considered. Rest
and exercise ejection fractions were highly correlated to
thallium scar score (r = -0.72 to -0.75, P < 0.001),
but not to maximal oxygen consumption (r = 0.19 to
0.25, P < 0.05). Fifty-five percent of the variability in
Exercise capacity determined by exercise testing has been
proposed as a means to estimate ventricular function (I). A
direct relation would appear to be supported by the fact that
both ejection fraction at rest and exercise capacity have
prognostic value in patients with coronary heart disease
(2,3). However, a marked discrepancy between ventricular
function at rest and exercise performance is frequently seen
clinically. Additionally, recent studies (4-6) have shown
that exercise capacity is not determined by ventricular func-
tion in patients with cardiomyopathy. Exercise-induced
ischemia could limit exercise in spite of normal ventricular
function at rest and so patients with angina must be excluded
and silent ischemia considered when evaluating this relation.
The purpose of this study was to investigate for the first
time the relation between ventricular function at rest and
exercise performance in patients with a wide range of rest
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predicting treadmill time or estimated maximal oxygen
consumption was explained by treadmill test-induced
change in heart rate (39%), thallium ischemiascore (12%)
and cardiac output at rest (4%). The change in heart
rate induced by the treadmill test explained only 27%
of the variability in measured maximal oxygen
consumption.
Myocardial damage predicted ejection fraction at rest
and the ability to increase heart rate with treadmill ex-
ercise appeared as an essential component of exercise
capacity. Exercise capacity was only minimally affected
by asymptomatic ischemia and was relatively indepen-
dent of ventricular function.
ejection fraction values who were able to exercise to voli-
tional fatigue. Radionuclide measurements of left ventric-
ular perfusion and function were compared with treadmill
responses in these patients with coronary heart disease free
of angina pectoris.
Methods
Subjects. One hundred forty-three men, 35 to 65 years
old (mean 52 ± 15), with documented stable coronary artery
disease were studied using three exercise tests. Angina,
claudication. lung disease and a decrease in systolic blood
pressure during exercise testing excluded 55 patients from
this analysis. Patients discontinued use of beta-adrenergic
blocking agents for 3 days. digoxin for 2 weeks and long-
acting nitrates for at least 12 hours before exercise testing.
Standard 12 lead electrocardiograms were interpreted for
the presence of abnormal Q waves (at least 40 ms in duration
and 25% of the amplitude of the following R wave) in the
anterior. inferior and lateral lead groups.
Treadmill testing. A modified Balke-Ware protocol (7)
was used for two treadmill tests performed approximately
3 days apart, first for thallium-20 I scintigraphy, and second
for determination of maximal oxygen consumption (V02
0735-1097/84/$3.00
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max). All tests were maximal in effort to volitional fatigue.
Because treadmill time is used clinically, total time was
considered along with maximal oxygen consumption esti-
mated from the time and stage achieved. Previous investi-
gations using normalsubjects (8) haveestablished the values
for oxygen consumption for each stage. A 12 lead electro-
cardiogram and X, Y and Z leads were recorded and mon-
itored throughout the test and recoveryperiods. The amount
of horizontal or downward sloping ST segment depression
measured during exercise was entered for analysis, but be-
cause the greatest changes occurred in the lateral leads (X
and V4 to V6)' final analysis is presented only with these
leads. Several patients had minor ST depression at rest, and
the amount of exercise-induced depression was considered
from this level in them. Auscultation blood pressures were
measured at rest, during the last minute of each stage and
during recovery. Patients were permitted to balance them-
selves with one finger but were not allowed to assist their
effort with the handrail.
Maximal oxygen consumption. Oxygen consumption
(V02) , carbon dioxide production (VC0 2) and minute ven-
tilation (VE) were measured continuously using the open
circuit technique. Patients breathed through a Koegel valve
(9), and expired gas was collected in meterologic balloons
during the treadmill test. Mixed expired oxygen and carbon
dioxide were measured with an Applied Electrochemistry
S-3A O2 analyzer and a Gould Godart mark IV capno-
graph. Expired volumes were determined by evacuating
the balloons through a Singer dry gas meter calibrated with
a tissot at a fixed flow rate. The maximal V02 was the
average of the last two 30 second samples obtained at the
sign- or symptom-limited volitional fatigue end point.
Left ventricular function. On a separateday withinthe
week of the other tests, the supine bicycle study was per-
formed. A Picker-Dynamo mobile gamma-camera equipped
with a general purpose parallel hole collimator and inter-
faced to a dedicated minicomputer (A1 Medical Data Sys-
tems) was utilized. After in vitro labeling of red cells with
20 to 25 mCi of technetium-99m, multigated equilibrium
angiograms were obtained using a modified left anterior
oblique projection with the patient supine. A 15° caudal tilt
was applied to best separate the cardiac chambers. Cinean-
giograms were acquired for 5 minutes at rest and during the
last 2 minutes of each stage of supine cycling. Work loads
for supine cycling were individually adjusted from the re-
sponse to a familiarization test on another day to maximally
exercise a patient in three stages.
Left ventricular ejection fraction was derived from a
computer-generated, background-corrected time-activity curve
using a variable region of interest. The ejection fraction
(EF) was calculated from the formula: EF = (EDC -
ESC)/EDC, where EDC and ESC are ventricular counts at
end-diastoleand end-systole, respectively. The discriminant
value for a normal rest ejection fraction was considered to
be 0.50 or greater and for a normal exercise response an
ejection fraction increase of 10% or greater from rest to
peak exercise.
Ventricular volumes at end-diastole and end-systole were
estimated from end-diastolic and end-systolic counts de-
tected in 6 ml of blood taken during the corresponding rest
and exercise periods. These techniques have been validated
with contrast ventriculography and are reproducible both at
rest and during exercise (10-12) . Cardiac output was cal-
culated usingstroke volumeestimatedfrom this methodand
maximal heart rate during the supine bicycle test. This tech-
nique has not been validatedand can only be consideredan
estimation.
Thallium scintigraphy. A dose of 2 mCi of thallium-
20I was introduced into an antecubital vein 1 minutebefore
the maximal treadmill exercise end point. Imaging was be-
gun within 3 minutes of exercise with the patient supine
and precordial electrodes removed. Images were obtained
in three views: anterior and 45 and 70° left anterioroblique.
Imaging in the same three views was repeated 4 hours after
exercise. These unprocessed analog images were recorded
on X-ray clear base film . Three experienced readers inter-
preted the images independently without knowledge of pa-
tient identity or history, and the results were averaged. Im-
ages from the three views were divided into nine segments.
Individual segments were graded using a modified scoring
system based on both size and intensityof defects, ranging
from I for normal to 10 for most severe (13). A thallium
ischemiascore was derivedby subtracting the segmentvalue
at 4 hours fromthe valueassignedimmediately afterexercise
and then adding the values from the nine segments. Simi-
larly, a thallium scar score was calculated by summing the
segment scores at 4 hours.
Statistics. Data were entered into an interactive com-
puter data base programmed in FORTRAN on a DEC PDP
11-34 computer. It could then be passed directly to the
BMDP (University of California at Los Angeles) statistical
package maintained on the same computer. The BMDPP2R
statistical programprovideda correlationmatrixplus a step-
wise linear regressionanalysisof selected independent vari-
ables. Because analysis required complete data for all vari-
ables, the sample size was less than 88 for most analyses
as a result of missing data.
Results
Table I describes the variables measuredduring treadmill
testing, exercise radionuclide ventriculography and thallium
scintigraphy. Mean maximal oxygen consumption (V0 2 max)
estimated from treadmill time was significantly higher than
mean measured V02 max (35.7 versus 27.2 probability [p]
< 0.01, paired t analysis). Estimated V0 2 max was posi-
tively correlated with the difference between measured and
estimated V02 max (r = 0.61, P < 0.01).
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Ejection fraction and V02 max. The correlations be-
tween test variables are shown in Table 2 for 64 of the 88
patients with complete data. Both estimated and measured
V02 max correlated significantly with maximal heart rate,
maximal rate-pressure product , change from rest to maximal
values for both heart rate and rate-pressure product. rest
Table 1. Means, Standard Deviations and Ranges of the
Variables From Treadmill Testing, Exercise Radionuclide
Ventriculography and Thallium Scintigraphy in 64 Men With
Coronary Heart Disease Without Angina
Variables Mean SO Range
Treadmill test
HR max (beats-min I) 16 1.4 16.9 118-1 90
SBP max (mmHg) 188 25 135- 238
RPP max (X 10' ) 30.4 5.5 17.7- 4 1.8
~ RPP ( X 10' ) 20.1 4.9 7.9-29 .5
~ HR (beats-min . ') 81.7 17.2 32- 120
Treadmill time (mi n) 9 .9 2. 1 4.0- 17.3
VO~ (cc kg - 'min I )
Estimated from 35.7 8.4 11.9- 65.4
treadmill time
Measuredby expired 27.2 5.4 12.4- 41.1
gas analysis
O~ pulse (rnl beats - I ) 14.4 3.2 6. 1-21.4
ST ! (mV) - 0 .88 0.99 - 3.5- 0
SumQW 0.95 0 .88 0-3
Radionuclide
ventriculography
EF 0.50 0. 15 0. 10-0.85
Rest
Max 0.5 1 0.17 0.11-0 .92
~ (% ) 2 18 -59-48
EOV(ml)
Rest 136 55 55-370
Max 158 64 52-438
~ (% ) 19 29 - 31-96
Q (liters min J)
Rest 4.2 1.3 1.8- 9.0
Max 10.4 3.6 3.3-23.4
~ (% ) 159 86 1- 488
Thalliumscore
(TL scar) 12.9 7.9 5-35
(TL isch) 3. 1 3.8 0-14
EOV = end-diastolic volume; EF = ejection fraction; HR max
maximalheart rate ; TL isch = difference inseverityscores for defects on
the thallium image fromthe immediate postexercise period to4 hours later:
Max = maximal symptom- or sign-limited exercise: O~ pulse = oxygen
consumption per heart beat (VO~ divided by maximal heart rate): Q =
cardiac output (EF x EDV x HR): RPP = rate-pressure product(systolic
blood pressure x heart rate):SBPmax = maximalsystolic blood pressure:
SO = standarddeviation;ST! = maximal amount ofST segmentdepres-
sion in a lateral precordial electrocardiographic lead (V" to V,,) during
maximal exercise; Sum QW = numberofabnormal Q wave locations in
the three areas of the left ventricle (anterior. lateral and inferior on the
electrocardiogramat rest) : TL scar = sumof severity scores for defects
on the thall ium image 4 hours after exercise: VO~ = maximal oxygen
consumption; ~ = change from rest to exercise (% orabsolute).
ejection fraction and maximal cardiac output (p < 0.05).
A plot of rest ejection fraction versus measured maximal
oxygen consumption is shown in Figure I. This relation
was not improved by excluding patients with a respiratory
quotient less than I. I or with a perceived exertion less than
17. Maximal ejection fraction. maximal end-diastolic vol-
ume and thallium ischemia were significantly correlated with
estimated V02 max alone (p < 0.05). In general, these
correlations were somewhat higher for estimated than for
measured V02 max. Ejection fraction at rest correlated neg-
atively with sum of Q wave areas on the electrocardiogram
at rest (r = -0.40, P < 0.0 1) and thallium scar score
(r = - 0.72, P < 0.001). Change in ejection fraction was
poorly correlated with ST segment depression and thallium
ischemia score. A small but significant correlation was ob-
served for percent change in ejection fraction and sum of
Q wave areas on the electrocardiogram (r = -0.24, P <
0.05).
Thallium scar score. The thallium scar score correlated
significantly with maximal systolic blood pressure (r =
-0.54, p < 0.00 1), maximal rate-pressure product (r =
- 0.46, P < O.OO\) , change in rate-pressure product (r =
- 0.4 1, P < 0.00 I), exercise-induced lateral ST segment
depression (r = 0.37, P < 0.01), sum of Q wave areas on
the rest electrocardiogram (r = 0.48 , P < 0.001), maximal
exercise ejection fraction (r = 0.75. p < 0.001), rest end-
diastolic volume (r = 0.60, P < 0.001) and maximal end-
diastolic volume (r = 0.64. P < 0.0 1).
Cardiac versus treadmill variables. The results of a
stepwise linear regression analysis to predict: I) rest ejection
fraction, 2) maximal treadmill time (estimated V02 max)
and. 3) measured V02 max are shown in Tables 3, 4 and
5. respectively. The variables studied are listed in the fig-
ure legends. The number of patients varies from the original
88 as a result of both missing data and group criteria. For
these analyses, variables were divided into two categories:
I) central cardiac variables that more specifically describe
function. damage and ischemia of the myocardium, and 2)
hemodynamic variables routinely obtained during treadmill
exercise testing. For cardiac variables, the thallium scar
score explained most of the variability in rest ejection frac-
tion (44%) with ST depression laterally adding 6% (Table
3). When treadmill variables were added to the analysis, no
real improvement in predictive power was obtained. but the
same cardiac variable explained slightly more of the vari-
ability in rest ejection fraction (56%) with the smaller subject
group (n = 77 versus 85). When treadmill variables were
considered alone. change in rate-pressure product was se-
lected fi rst and could explain only 6% of the variability in
rest ejection fraction.
When using cardiac variables to predict treadmill time
or V02 max, thallium ischemia, cardiac output at rest and
maximal end-diastolic volume were chosen sequentially and
combined to explain 19% of the variability. When these
N
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Table 2. C orrelation Matri x of Variables From Treadmill Test ing, Radionucl ide Ve ntric ulography and Thall ium Sci nti graphy tTl >~r-O '
'"Treadmill Test Radionuclide Ventriculography ~>
v0 2 vo, HR ssp RPP Sum EF EF EDV EDV Q Q Thallium Z(j
EST MSD Max Max Max ARPP AHR 0, Pulse Sn QW Max AEF Rest Max AEDV Rest Max AQ TL Sear tTlRest >Z
V0 2 MsD 0.77 0(j
HR max 0.60t 0.45t >
'"sSP max 0.20 0 .17 0 .19 0;;:
RPP max OAn 0.37t 0.69 0.84 (j
ARPP O.SH 0.48 t 0 .63 0 .78 0.92 ~
AHR O.64t 0.53t 0. 76 0.19 0.55 0.7 1 Z~O2 pulse 0.27 0.60 - 0.12 0 .3 1* 0. 17 0.3 1 0.11 e
Sn -0.05 - 0. 18 - 0. 14 -0. 17 - 0.20 - 0.22 -0. 19 -0.14 Z
SUMQW 0.03 -0.Q3 0.0 1 - 0 .24 -0.16 - 0.09 0.01 - 0.07 0 .25*
EF rest 0.27* 0.25* 0 .0 1 0 .24 0. 18 0. 18 0. 17 0.27 - 0.45 + - OAOt
EF max - 0.25* 0 . 19 0.06 0 .37t 0.31* 0.26* 0.13 0.21 0 .37t - 0049+ 0. 87
AEF -0.06 - 0 .11 0.09 0 .33t 0.30 0. 17 - 0 .11 - 0.03 0.07 - 0 .32* - 0 .08 0 .39
EDV rest - 0.18 - 0. 14 - 0 .03 - 0.4 2+ - 0.32* - 0.23 - 0.02 - 0.23 0.23 0.35t - 0 .68 - 0. 72 -0.2 1
EDV max -0.25* - 0 . 17 - 0.08 - 0044+ -0.37t - 0 .31* -0.13 - .28* 0.20 0 .27* -0.67 -0.69 - 0. 13 0.86
A - 0. 18 - 0 . 12 - 0. 16 -0.11 -0. 17 - 0.24 - 0.30* 0.15 -0. 13 - 0 . 13 - 0.00 0 .02 0.09 -0.26 0.2 3
Q rest 0 .24 0 .18 0 . 10 0 .02 0.07 0.07 0 .15 0.03 -0.22 0 .06 0 .27 0 .11 - 0.28 0 .33 0 . 19 - 0 .28
Q max -0.30* 0 .25* 0.29 0 .12 0.25 0.27 0.29 0.09 -0.28* - 0 . 13 0.24 0.33 0 .27 0 .02 0.22 0.34 0.46
AQ -0.08 0 .07 0.22 0 .10 0. 18 0.17 0. 14 - 0.0 1 - 0. 13 -0.2 1 - 0 .02 0 .20 0.4 9 -0.28 0.09 0.68 - 0.36 0 .6 1
TL scar -0. 16 - 0 . 15 - 0 .10 - 0 .54+ 0.46+ - OA It - 0. 19 - 0.21 0.37t 0.48 + - 0.72+ - 0.75+ - 0.22 0 .60+ 0.64 + 0.10 - 0 .09 - 0 .13 - 0.02
TL isch - 0.31* - 0.05 - 0.05 -0.08 -0.09 0.01 0.09 -0.05 -0.20 - 0. 20 - 0. 12 - 0 .25* - 0.23* - 0.33t 0.22 -0.20 0.17 -0.02 - 0. 19* - 0.0 1
*p < 0.05 ; t p < 0.01; +p < 0.001 (spurious correlations excluded).
Est = estimated from treadmill time; MSD = measured hy gas analysis; other abbreviatons as in Table I .
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Figure 1. Relation between ejection fraction at
rest and measured maximal oxygen consumption .
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Table 3. Prediction of Rest Ejection Fraction From
Radionuclide Ventriculography, Thallium Scintigraphy and
Treadmill Test Results
Steps in Multiple
Linear Variables
Variable Class Regression Added R2
Central cardiac variables
All patients (n = 85) I TL scar 0.44
2 sIt 0.50
Central cardiac plus
treadmill variables
All patients (n = 77) I TL scar 0.52
2 sIt 0.56
3 SBP max 0.57*
4 vo, Est 0.59*
5 RPP max 0.60*
Treadmill variables
All patients (n = 77) I ~ RPP 0.06
2 0, pulse 0.07*
3 vo, Est 0.07*
4 SBP max 0.08*
*Denotes variable with an F ratio to enter model which is less than
the F limit corresponding to a 0.05 level of significance.
Central cardiac variables: thallium scar score, thallium ischemia score;
sum of Q wave locations on the rest electrocardiogram and the amount of
ST segment depression in the lateral electrocardiographic leads at maximal
exercise (ST t ). Volume measurements were excluded because of their
interaction with ejection fraction. Treadmill variables = heart rate; systolic
blood pressure (SBP); rate-pressure product (RPP); maximal oxygen con-
sumption estimated from treadmill time rvo, Est). R' = coefficient of
multiple determination adjusted for the number of variables in the model.
Abbreviations as in Table I.
patients were separated into those with normal or abnormal
ejection fraction at rest (0.50 being the discriminant value),
predictive variables changed but no real improvement in
explaining the variability in estimated v02 max was achieved.
When treadmill variables were added, the change in heart
rate during treadmill exercise entered first, explaining 39%
of the variability, followed by the thallium ischemia score
(51%), and cardiac output at rest (4%) to account for 55%
of the variability in estimated v02 max or treadmill exercise
time. Separating patients by normal and abnormal ejection
fraction at rest did not improve the prediction. When tread-
mill variables alone were considered, the change in heart
rate with exercise alone explained 38% of the variability in
the relation with treadmill time or estimated v02 max. Change
in heart rate explained 32 and 39% of the variability in
estimated v02 max for patients with normal and abnormal
ejection fraction at rest, respectively.
Measured versus estimated V02 max. In general, car-
diac and treadmill variables had a lower predictive value
for measured v02 max than for estimated v02 max or
treadmill time. Maximal cardiac output explained only 5%
of the variability in measured v02 max. When patients were
separated on the basis of abnormal or normal rest ejection
fraction, no variable was significant for prediction. The
addition of treadmill variables improved the prediction, with
only change in heart rate entering the equation and account-
ing for 27% of the variability. This value was slightly lower
for normal and abnormal rest ejection fraction subgroups
(25 and 24%, respectively). When treadmill variables were
considered alone, change in heart rate explained 26, 21,
and 23% of the variability in measured v02 max for all
patients and the normal and abnormal rest ejection fraction
subgroups, respectively.
258 McKIRNAN ET AL.
TREADMILL PERFORMANCE AND CARDIAC FUNCTION
lACC Vol. 3. No.2
February 1984:253-61
Table 4. Prediction of Treadmill Time and Estimated Maximal Oxygen Consumption From Radionuclide Ventriculography, Thallium
Scintigraphy and Treadmill Test Results
Variable Class
Cardiac variables
All patients (n = 72)
Patients with rest EF ~ 0 .50 (n = 43)
Patients with rest EF < 0 .50 (n = 29)
Card iac and treadm ill variables
All patients (n = 72)
Patients with rest EF ~ 0 .50 (n = 43)
Patients with rest EF < 0 .50 (n = 29)
Treadmill variable s
All patients (n = 88)
Patients with rest EF ~ 0 .50 (n = 56)
Patients with rest EF < 0.50 (n = 32)
Steps in Multiple
Linear Regression Variables Added R~
I TL isch 0.07
2 Q rest 0.14
3 EDV max 0.1 9
4 Q max 0.22*
5 EF max 0.29
I TL isch 0.10
2 EDV rest 0 .20
3 SumQW 0.21*
4 ST! 0.21*
I EDV max 0.16
2 Q rest 0 .21*
3 ~ EF 0.22*
4 Q max 0.37
~ HR 0.39
2 TL isch 0 .51
3 Q rest 0.55
4 EDV max 0.56*
I ~ HR 0.32
2 TL isch 0 .52
3 Q rest 0.54*
4 sT! 0.55*
1 ~ HR 0.4 3
2 EDV rest 0 .50
3 Q rest 0 .54*
4 Sum QW 0.55*
~ HR 0.38
2 HR max 0. 39*
3 SBP max 0.39*
I ~ HR 0.32
2 HR max 0.33*
3 ~ RPP 0.34*
I ~ HR 0.39
2 HR max 0.39*
Central cardiac variables = rest and maximal ejec tion fraction (EF) and % change in ejection fraction from rest to maximal: rest and maximal end-
diastolic volume (EDV) and % change in end-diastolic volume from rest to maximal; rest and maximal cardiac output (Q) and % change in cardiac output
from rest to maximal: thallium scar score: thallium ischemia score: sum of Q wave locations on the electrocardiogram at rest. Treadm ill variables =
maximal heart rate (HR); maximal systolic blood pressure (SBP): maximal rate-pressure product (RPP): change in rate-pressure product from rest 10
maximal : change in heart rate from rest to maximal. *Denotes variable with an F ratio to enter model, which is Icss than the F limit corresponding to a
0.05 Icvel of significance. Abbreviations as in Table I .
Discussion
Measurement of exe rcise capacity. The significant dif-
ference in measured \102 max and \102 max estimated from
treadmill time demonstrates the inaccuracies in predicting
aerobic capacity from treadmill time, particularly for pa-
tients with heart disease . This discrepancy has been pre-
viously reported in healthy normal subjects (8), more re-
cently in patients with heart disease (14) and we have
demonstrated the difference to be proportional to the ex-
ternal work load . The significant positive correlation be-
tween estimated \102 max and the diffe rence between es-
timated and measured \102 max is due to greater utilization
of anaerobic metabolism or differences in arteriovenous ox-
ygen difference , or both. The difference in measured and
estimated \102 max has important implications for evalu-
ating exercise capacity and prescribing activity levels for
patients with heart disease.
Myocardial damage, ventricular function and exer-
cise capacity. The relatio n between myocardial damage ,
ventricular function and exerci se capacity are poor ly under-
stood . Pfeffer et al. (15) reported that ventricular perfor-
mance was directly related to the amount of myocardium
remaining after inducing myocardial infarctions in rats.
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Table 5. Prediction of Maximal Oxygen Consumption From Exercise RadionucIide Ventriculography, Thallium Scintigraphy and
Treadmill Test Results
VariableClass
Cardiac variables
All patients (n = 64)
Patients with rest EF ;:,: 0.50 (n = 38)
Patients with rest EF < 0.50 (n = 26)
Cardiac and treadmill variables
All patients (n = 64)
Patients with rest EF ;:,: 0.50 (n = 38)
Patients with rest EF < 0.50 (n = 26)
Treadmillvariables
All patients (n = 79)
Patients with resting EF ;:,: 0.50 (n = 50)
Patients with rest EF < 0.50 (n = 29)
Steps in Multiple Variables
Linear Regression Added R2
1 Q max 0.05
2 EDV max 0.09*
3 ~ EF 0.14
4 ~ EDV 0.16*
1 Q max 0.02*
2 ~ EDV 0.04*
3 Q rest 0.05*
I EF rest 0.11*
2 Sum QW 0.13*
3 Q max 0.14*
I ~ HR 0.27
2 EF rest 0.29*
3 ~ RPP 0.29*
4 SBP max 0.35
1 ~ HR 0.25
2 ~ RPP 0.26*
3 SBP max 0.31 *
I ~ HR 0.24
2 EF rest 0.30*
3 SumQW 0.31*
I ~ HR 0.26
2 SBP max 0.26*
3 ~ RPP 0.29
I ~ HR 0.21
2 SBP max 0.21*
3 ~ RPP 0.28
1 ~ HR 0.23
2 HR max 0.23*
Centralcardiac variable = rest and maximal ejection fraction (EF) and % change in ejection fraction from rest to maximalexercise; rest and maximal
end-diastolic volume (EDV) and percent change in end-diastolic volumefrom rest tt? maximal exercise; rest and maximalcardiac output (Q) and percent
change in Q from rest to maximalexercise: thallium scar score; thallium ischemia score; sum of Q wave locations in the electrocardiogram at rest.
Treadmillvariables = maximalsystolicbloodpressure(SBP), maximal rate pressure product(RPP), change in rate-pressure productfrom rest to maximal
exercise, change in heart rate from rest to maximal exercise. Abbreviations as in table I.
However, tats with smaller infarctions (4 to 30% of the left
ventricle) had no discernable impairment in either baseline
hemodynamic measurem~nts or peak indexes of pumping
and pressure-generating ability when compared with sham-
operated control rats. This suggests that considerable dam-
age to the left ventricle can occur before pump performance
or oxygen transport are effected.
Carter and Amundsen (16) reported a significant corre-
lation (r = - 0.68, n = 15)between infarct size estimated
from serum creatinine phosphokinase and exercise capacity
at approximately 3 months after myocardial infarction. This
relation improved (r = -0.84) after II of the patients
underwent exercise training, implying that infarct size af-
I' 'fects the response to training. In contrast, Grande and Ped-
ersen (17) reported an insignificant correlation between the
enzyme estimate of infarct size and duration of work (r =
- 0.15) performed in a progressive steady state protocol
within 2 months after infarction. They observed significant
correlations between infarct size and maximal heart rate
(r = 0.39, P < 0.004), maximal systolic blood pressure
(r = - O. 32, P < 0.02) and increases in both systolic blood
pressure (r = -0.46, P < 0.01) and heart rate (r = 0.39,
P < 0.004) from rest to 100 watts. In our study, the thallium
Scar score, an estimate of myocardial damage, was not sig-
nificantly correlated with VOz max or change in heart rate.
However, there was a significant, negative correlation with
maximal systolic blood pressure, rate-pressure product and
change in rate-pressure product from rest to maximal ex-
ercise (p < 0.001).
De Pace et al. (18) studied left ventricular function at
rest, thallium-201 scintigraphy and a QRS scoring scheme
in patients who had myocardial infarction. For patients stud-
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ied long after their infarction, significant correlations be-
tween ejection fraction at rest QRS score (r = - 0.51 ,
p < 0.00 I) and between ejection fraction at rest and thallium
score (r = - 0.61, P < 0.02) were similar to the values
for Q wave areas (r = -0.40, P < 0.01) and thallium scar
score (r = - 0.72, P < 0.00 I) obtained in the present study.
Thallium score correlated poorly with QRS score in their
study, but Q wave sum was significantly correlated to thal-
lium scar in our study (r = 0.48 , P < 0.0 I) .
A thallium defect has been correlated with pathologic
determination of infarct size and with the extent of asynergy
obtained by contrast angiography (19,20). The thallium scar
score was highly correlated to and predictive of ejection
fraction at rest. However, both variables had very poor
correlations with exercise capacity. This implies that cardiac
function only has a minor impact on the determination of
V02 max .
Ventricular function and exercise capacity. The es-
sential dependency of V02 max on maximal cardiac output
is well understood becau se limitations exist in blood flow
distribution and arterial oxygen content. In individuals free
of disea se, limitations in oxygen transport have generally
been attributed to peripheral factors, particularly blood flow
distribution (21) . For patients with heart disease, abnormal
ventricular function and cardiac output should contribute
more to oxygen transport limitations , but the relative amount
has not been defined.
Both ejection fraction at rest and the time in a progressive
treadmill protocol are prognostic indicators in patients with
coronary heart disease (1-3). However, little relation has
been observed between these variables in patients with car-
diomyopathy and congestive heart failure (4-6,22-24). We-
ber et al. (24) classified 62 patients with chronic stable heart
failure into functional classes based on V02 max. Pulmonary
capillary wedge pressure and direct Fick measurements of
cardiac output were made at rest and during upright exercise.
The most limited patients increased cardiac output by heart
rate alone and had lower maximal heart rates, oxygen pulses
and changes in oxygen pulse from rest to maximal exercise.
Patients were symptom-limited by exercise cardiac output
rather than high ventricular filling pressures. These findings
were supported by those of Litchfield et al. (23) in six
patients with severe ventricular dysfunction . A normal ex-
ercise capacity was achieved by increasing both heart rate
and stroke volume and tolerating a very high filling pressure
during upright exercise. Other compensatory mechanisms
included an increase in end-diastolic volume and elevated
levels of circulating catecholamines. Higginbotham et al.
(22) also examined determinants of upright exercise per-
formance in 12 patients with severe left ventricular dys-
function using radionuclide angiography and invasive mea-
surements. Multivariate analysis identified changes in heart
rate, cardiac output and arteriovenous differences with ex-
ercise as important predictors of V02 max. The rest ejection
fraction did not correlate with V02 max, nor did changes
in ejection fraction. stroke counts or end-diastolic counts
during exercise. These results are similar to our findings ,
but our study included, for the first time , patients with
coronary heart disease with a wide range of ejection fractions
(0. 10 to 0.85).
An increase in heart rate was the most important deter-
minant of treadmill performance in our patients . Radio-
nuclide techniques offered little to explain the variability in
exercise capacity. This may be due to differences in posture
for the two exercise studies. Supine radionuclide ventric-
ulography may have inherent limitations in predicting up-
right exercise capacity because differences exist in filling
pressures, hemodynamic responses and exercise capacity in
the two postures (25-27) . The change in ejection fraction
from rest to maximal supine exercise had no predictive
value, probably because of the complex nature of this re-
sponse (28).
Adaptations in anaerobic metabolism may contribute to
the poor ability of cardiac and treadmill variables to predict
measured and estimated V02 max . In patients with conge s-
tive heart failure, the exponential increase in mixed venous
lactate concentration occurred at a somewhat higher percent
of V02 max in the more functionall y limited patient groups
(24). These patients also had higher lactate concentrations
at rest, higher ventricular filling pressures and impaired
cardiac index and stroke volume index response to exerci se .
A very high lactate threshold (100% V02 max) was observed
in a small group of highly trained patients with coronary
heart disease (29). However , differences in arteriovenous
O2 difference may more simply explain our findings.
The fact that patients with severely limited ventricular
function can improve their exercise capacity without altering
ventricular function at rest (30,31) provides further evidence
for the poor relation between ventricular function at rest and
exercise capacity. We can even hypothesize that exercise
training could be used to increase exercise capacity and
decrease the poor prognosis predicted by cardiac dysfunction.
Implications. To our knowledge , our study is the first
to demonstrate in a group of patient s with coronary heart
disease with a wide range of eject ion fractions and without
angina that ventricular function is only a weak determinant
of exercise capacity. We carefull y selected patient s able to
exercise to volitional fatigue because the relation between
ventricular function and exercise capacity should be the
strongest in them and because others have considered pa-
tients with symptoms of congestive heart failure. Supri s-
ingly , even in this select group the relation between ejection
fraction and treadmill performance was poor . However, it
would have been even poorer in an exercise laboratory where
less concern would be given to seeing that volitional fatigue
was the major end point or that the patients did not support
themselves on the handrails. This concurs with our clinical
impression that good ventricular function does not guarantee
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normal exercise capacity or that normal exercise capacity
does not guarantee good ventricular function. Even in a
patient free of angina, exercise limitations or expectations
should not be determined by ejection fraction, but rather by
the patient's symptomatic response to exercise.
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